Abstract. An inlet flow characteristics test bench was designed for the high offset s-shaped inlet. Parametric design method was used in the design of direct-connect contraction. Numerical simulation results showed export velocity of the designed contraction distributed uniformly, the boundary layer was thin, which had good air contraction effect. Steady state flow characteristics test of the s-shaped inlet was carried out on the inlet test bench, and effectively verified the performance indicators of it. Test results showed that an obvious low pressure area existed on the bottom wall after the first corner of the s-shaped inlet. With the increase of inlet Mach number, the exit flow field quality deteriorated. When the inlet Mach number was 0.72, the export distortion index DC 60 was over 17%, which could not meet the needs of normal work of the engine.
Introduction
Inlet is an important component of the propulsion system, whose performance quality directly affects the engine performance. In recent years, S-shaped inlet has been widely used because of its compact structure and effectively reducing the radar wave reflection. On the other hand, because of the special s-shaped inlet port shape, airflow diffuses in the s-shaped inlet while goes through the large curvature curve, leading to boundary layer separation and secondary flow when strong adverse pressure gradient is serious, which causes large export total pressure distortion [1] . Flow control is a research hotspot in the field of aeronautics and astronautics in recent years [2, 3] , and effective inlet flow control technology is of great significance to improve the inlet working condition and the efficiency of aircraft propulsion, especially in recent years, flow field state research and flow control method of s-shaped inlet appear constantly [4, 5] , related research is very active.
Wind tunnel experiment is an important and indispensable method for the study of aerodynamic performance and flow control of S-shaped inlet. Aerodynamic performance data, including inlet total pressure recovery, flow field distortion and stress distribution can be directly measured by wind tunnel experiments, which provides the basis for the study of the inlet, making wind tunnel experiment very important in air dynamics research [6] . In this paper, a S-shaped inlet flow characteristics test bench was designed and built in order to carry out wind tunnel experiment for S-shaped inlet and its flow control research of an UAV. Optimizing design of key components, such as wind tunnel contraction, to make them satisfy the requirement of inlet experiment under different working conditions. Steady state flow characteristics experiment of a S-shaped inlet was carried out on the test bench, which verified the multi-functions of test bench, and obtained the steady flow characteristics experimental data of the inlet.
Test Bench Design

Test Bench Population Parameter
The application background of this paper is a new type back subsonic s-shaped inlet of a certain UAV. For the purpose of increasing the tank volume and reducing aircraft empty weight, the inlet length was shortened with not changing the overall dimensions of aircraft, and inlet bias rate was increased, the bend curvature and expansion rate of flow direction area was increased as well, resulting deterioration of the internal flow field of inlet state. The inlet geometric configuration is shown in figure 1 , where the entrance is track-shaped and the exit is round-shaped of 100mm diameter, total length of 377 mm, the expansion ratio of entrance and exit area of 1.4, offset rate of 0.35. The Mach number of this inlet experiment was 0.3-0.75, and outlet back pressure referred to the local atmospheric pressure. In this paper, inlet was investigated without considering the influence of factors such as the angle of attack etc. [7] .
The designed S-shaped inlet test bench could achieve the following performances and functions: Inlet entrance Mach number should be adjustable in the range of 0-0.8 with admissible error of 0.01 Ma; Measurement of stationary static pressure of inlet upper and lower wall along with outlet stationary total pressure of outlet section; Measurement of dynamic static pressure in low pressure area. Test system can be divided into three parts, including S-shaped inlet section, test bench testing and data acquisition system along with direct-connect wind tunnel system.
S-Shaped Inlet Experimental Section
The designed S-shaped inlet experimental section was connected with direct-connect wind tunnel by flange. Static pressure holes trepanned in the upper and lower wall of experimental section were uniformly distributed along the axial direction, for the measurement of static pressure along the way. The lower wall of first corner and second corner was designed detachable which was convenient for dynamic static pressure measurement and installing flow control devices. The experimental section adopted CNC and 3D printing technology for integrated machining, with materials of engineering plastics and photosensitive resin respectively. Test section is shown in figure  2 . the machining quality fairly well meets the requirement of experiment. 20 static pressure holes trepanned respectively on the upper and lower wall were uniformly distributed along the axial direction. Static pressure holes were connected with MPX7025 sensor by E-Press. Rotational Cross total pressure rake was designed for the measurement of outlet section total pressure, which effectively improved the density of total pressure measuring points. Total pressure measuring points were distributed according to equal ring area, and the model type of pressure sensor was MPX7050. Wall static pressure is shown in figure 3 .
Test Bench Testing and Data Acquisition System
Total pressure, static pressure, and other signals were collected by NI PCI-6255, a type of high-speed multi-function acquisition card, whose largest using frequency could be 80MHz. Data recording and analysis programs were written by Labview, to realize the collection of all the static pressure and total pressure at the same time.
Direct-Connect Wind Tunnel
The wind tunnel adopted directly connected structure, including the compressed air source, pressure regulating valve, stable section, experimental section, and the exhaust pipe, as shown in figure 4. Compressed air source of 0.8MPa was used as wind tunnel air source, pneumatic diaphragm valve was chosen as regulating valve and settle tank was chosen for stable section.
Contraction was the most important part of the wind tunnel structure, whose function was to accelerate airflow speed to the required speed and to connect with the experimental section. Contraction section was designed and analyzed detailedly in this paper in order to improve the air quality.
Design and Analysis of Contraction Section of Direct Current-type Wind Tunnel
Design of the Contraction Section
The design of the contraction section mainly includes the determination of contraction ratio and selection of contraction curve.
Contraction ratio is defined as:
In the equation, D stands for the inlet diameter of the contraction section, and D t stands for throat diameter. In this paper, the contraction ratio n of the contraction section of the wind reached 13, which fell under the scope of relatively large contraction ratio. The adoption of relatively large contraction ratio was conducive to improving the uniformity of the experimental airflow and reducing the turbulence [10] .
The length L of the contraction section was determined according to the contraction ratio n and the inlet diameter D of the contraction section. Under normal conditions L=(0.5~1.0)D [11] . When the contraction ratio was large, there was the length to diameter ratio of the contraction section L/D ≥0.85. Based on the actual conditions, the length to diameter ratio L/D=1.1 was selected.
The form of the contraction curve of the contraction section, namely, the profile curve along the axial direction, played a vital role in the flow field turbulence and boundary-layer thickness. After comprehensive consideration [12] , bicubic curve was applied for the design of the contraction section in this paper. The control equation of the bicubic curve was:
In the equation: x m stands for the contact x-coordinate of two cubic curves, and x m /L=0.4 [11] is selected in this paper; D i stands for the cross-sectional diameter with the distance x from the inlet axial direction; D stands for the inlet diameter; and D t stands for outlet diameter.
The contraction section in this paper was directly connected with the experimental section; therefore, the outlet of the contraction section was also in the runway shape. To reduce the influence of the outlet airflow at the contraction section on the inlet test, parametric 3D surface design method was utilized in this paper to construct the shaped surface of the contraction section. The shaped surface obtained by this method could be smoothly contracted to the shape of runway with bicubic curve from all the perspectives of all angles of the circular inlet. At the same time, the wall surface of the contraction section was tangent to the wall surface of the stable and experimental section, which had guaranteed the airflow shrinkage effect. In addition, in case of the change of the wind tunnel design parameter, this method can quickly change the contraction wall surface through modification of the correlated parameters, thus improve the design efficiency. Fig. 5 shows the overall structure designed for the contraction section. 
Contraction Section Numerical Simulation
To verify the designed aerodynamic performance of the contraction section, CFD software Fluent is applied in this paper to make numerical simulation to the flow field of the contraction section. Mesh division adopts the generic preprocess software HyperMesh, with a total of 217,582 grids. The boundary conditions are set as pressure inlet 123,325 pa and pressure outlet 101,325 pa. The turbulence model adopts Sp-A model. Separate implicit solver is applied. SIMPLC algorithm is applied for the pressure-velocity coupling. And the pressure, momentum and turbulence equation is solved by the application of second-order upwind scheme. Through the analysis of the numerical calculation results, the performance of the contraction section can be verified. Figure 6 . and Figure 7 . show the change of the velocity and static pressure on the central axis of the contraction section: the change of the contraction section inlet velocity and static pressure is gentle, with substantial reduction in pressure and increment in velocity from the middle and posterior section, which flattens out in the contraction before the exit. The total pressure boundary layer parameter is * P ∆ =26925Pa， L/h=12%, with relatively small boundary layer thickness, which conforms to the requirements of the inlet experiment [8] .
S-shaped Inlet Steady State Experiment Experimental Conditions
The Mach number at the entrance of the inlet was adjusted through the total, and the outlet counter pressure was the local atmospheric pressure. Figure 8 . and Figure 9 . show the static pressure coefficient distribution curve along the lower and upper wall surface when the Mach number of the flow field within the inlet is different, in which the x-coordinate is the axial length from the entrance of the inlet, and the y-coordinate is the static pressure coefficient Cp along the way after the non dimensional treatment. The results show that, the static pressure coefficient distribution trend of the upper and lower wall surface of the inlet with different inflow Mach number is the same, while the overall fluctuation trend of the static pressure distribution along the upper wall surface of the inlet is contrary to that of the lower wall surface, which gradually closes up to the static pressure coefficient of the lower wall surface at the exit of the inlet, until approximately equal. The static pressure coefficients of the upper and lower wall surface are compared, and the overall distribution shows the "X" shape [9] , which is in line with the S-shaped inlet static pressure distribution law. The experimental results are compared with the numerical calculation results of Figure 10[8] , and results are basically the same, with consistence of the position of high and low pressure with the corresponding pressure coefficient. After the airflow enters into the diffuser section, due to the S-shaped inlet bending downward, under the action of centrifugal force, more airflow is concentrated near the wall surface, leading to a huge low pressure area formed near the lower wall surface, with the pressure at the upper wall surface increased at the same time. When the airflow passes through the second curve, due to the influence of the reverse centrifugal force, the airflow is concentrated at the lower wall surface, resulting in the sharp increase of the pressure at the lower wall surface, while low pressure is incurred at the upper wall surface.
Static Pressure Coefficient Along the Wall Surface
As can be seen from the static pressure distribution diagram, the lower wall surface has significant static pressure drop between the two curves. And it can be found after comparing the results of numerical simulation that, this position is the boundary layer separation zone, while the separation point is located prior to this area. At the same time, it can also be found that, there is gentle rising area (X: 180-240mm) existing in the static pressure coefficient of the wall surface after separation zone, namely, the so-called pressure platform. From the comparison of the lower wall surface static pressure coefficient curves under four working conditions, it can be seen that the pressure platform is relatively significant when the Mach number is 0.65, with relatively small slope, indicating that the separation situation is more serious.
Total Pressure Distribution of the Outlet Section
The separation of the S-shaped inlet boundary layers will cause energy loss, and lead to local low pressure area generated at the exit of the inlet, which will reduce the inlet total pressure recovery coefficient, and result in relatively large total outlet pressure distortion. To reflect the flow field condition at the inlet exit section, the total pressure recovery coefficient σ , exit section uniformity D and flow field distortion index DC60 are applied in this paper as the evaluation parameter of the exit section flow field. Figure 11 . shows the total pressure distribution cloud diagram of the inlet exit section under four working conditions. Through observation, it is found that the distribution is similar, with higher pressure at the upper half part of the section, while lower pressure zone incurred at the lower part. Table 2 . shows that, with the increase of the Mach number, the quality of the exit flow field deteriorates seriously. When the inlet Mach number is greater than 0.65, the exit section uniformity D and the distortion index DC 60 are both greatly increased. Mach number 0.65 is the main working condition of this inlet type, and the experimental results show that the inlet cannot meet the needs of normal work of the engine, and it is necessary to take effective measures to improve the inlet flow field state.
Conclusion
S-shaped inlet flow characteristics test bench was designed and built in this paper in method of computer aided design (CAD), combining with computational fluid dynamics (CFD), CNC machining and 3D printing. Experiments results showed that the test bench could meet the design requirements.
Wind tunnel contraction design adopted structure of large shrinkage ratio and large length to diameter ratio. Parametric design method was used for the design of contraction section, to ensure the connection of contraction and experiment section, and ensure the quality of air shrinkage as well. Numerical simulation verified good flow contraction effect of the designed contraction section.
S-shaped inlet steady-state flow characteristic experiments were carried out and steady-state flow data of inlet under different conditions were obtained. The analysis results of wall static pressure distribution, total outlet pressure recovery and outlet total pressure distortion showed that an obvious low pressure area existed upon lower wall after the first corner of this S-shaped inlet. With the increase of inlet Mach number, the outlet flow field quality deteriorated. When the inlet Mach number was 0.72, the outlet distortion index DC 60 was over 17%, which could not meet the needs of normal work of the engine, so that effective measures should be taken to reduce the influence of boundary layer separation to the performance of inlet under variable conditions.
